Abstract -This paper describes recent research on the design and implement of a small-scaled rotorcraft Unmanned Aerial Vehicle (RUAV) system. This platform is going to be used as a testbed for experimentally evaluating advanced control methodologies dedicated on improving the maneuverability, reliability as well as autonomy of RUAV. Sensors and controller are implemented onboard. The full system has been tested successfully in the remote-controlled mode. A control scheme based on a simplified thrust-torque model, which is for the initial flight test, is also presented.
I. INTRODUCTION
Unmanned aerial vehicles (UAV) are useful for many applications where human intervention is considered difficult or dangerous. Traditionally, the fixed-wing UAV have been served as the unit for these dangerous tasks because the control is easy. Rotary-wing UAV, on the other hand, can operate in many different flight modes which the fixed-wing one is unable to achieve, such as vertical take-off/landing, hovering, lateral flight, pirouette, and bank-to-turn. Due to the versatility in manoeuvrability, helicopters are capable to fly in and out of restricted areas and hover efficiently for long periods of time. These characteristics make RUAV applicable for many military and civil applications.
However, the control of RUAV is difficult. Although some control algorithms have been proposed [1] , [2] , [4] , [7] , [8] , [9] , most of them were verified by simulation instead of real experiments. One reason for this is due to the complicate, nonlinear and inherently unstable dynamics, which has cross coupling between main and tail rotor, and lots of time-varying aerodynamic parameters. Another reason is that the flight test is in high risk. If a RUAV lost its control, it would never be stabilized.
An appropriate testbed for the experimental research of RUAV should meet the following issues:
Demo all of the characteristics of RUAV. An open-ended control architecture. Guarantee safety. In the recent work, we designed and implemented a miniature helicopter-on-wheel testbed. This platform includes four parts: a) a modified remote-control (RC) helicopter, b) an avionics box of computer, wireless communication module In this paper, the helicopter-on-wheel platform, as well as the control scheme for initial flight test, is introduced in detail. The brief of this paper is as follow: the helicopter-on-wheel platform is introduced in Section II. The introduction of avionics box is in Section III. The assembling of the UAV helicopter system is presented in the Section IV. In Section V, we introduce an independent-channel control scheme as a baseline control of the platform. In the end, we conclude our work and discuss some future research issues.
II. DESIGN AND IMPLEMENT OF A HELICOPTER-ON-WHEEL PLATFORM A. A ModifiedRC Helicopter
As the basic aircraft of the RUAV system, we chose the small-scaled model helicopter which is available in the market. Such a choice is easy for us to exchange the accessories and cost low price.
SIA-Heli-90 aerial vehicle is a high quality helicopter which is changed by us using a RC model helicopter operating with a remote controller. The modified system allows the payload of more than 5 kilograms, which is sufficient to take the whole airborne avionics box and the communication units. The fuselage of the helicopter is constructed with sturdy ABS composite body and the main rotor blades are replaced with heavy-duty carbon fiber reinforced ones to accommodate extra payloads. The vehicle is powered by a 90-class glow plug engine which generates 3.Ohp at about 15000 rpm, a displacement of 14.95cc and practical angular rate ranging 2,000 to 16,000 rpm. The full length of the fuselage is 1260mm as well as the full width of it is 160mm. The total height of the helicopter is 410mm, the main rotor is 1600mm and the tail rotor is 260mm.
B. An Omni-Directional and Omni-Rotational Frame
To avoid the flight accidents from flight experiments, we design a flight testbed, which is called 6-DOF Helicopter-onWheel test platform. The platform has 6-degree-freedom including x-axis, y-axis, z-axis, pitch, roll and yaw that the same as the flight in the sky.
In Figure 1 .
B. Computer System
The onboard avionics system is responsible for the overall RUAV's main managements including navigation, autonomous control, communication and so on. The PC-104 flight computer, communication components and sensor units including inertial measure unit, global position system (GPS), digital compass, air-press altimeter, ultrasonic sensor are installed onboard.
In our research in the project, PC-104 computer system is used as the onboard computer which is shown in Figure 3 . The platform which is made of aluminum that is sturdy enough to sustain the whole RUAV system including the model helicopter and the avionic box. On the bottom of it, 6 wheels are installed to guarantee omni-directional motion with the x-axis and y-axis degree of freedom. The diameter of the bottom loop is 2.8m while the total height is 1.5m. On the top of the platform, a plate which can rotate around the principle axis is set to generate omni-rotational motion with connecting the helicopter and the test bed.
III. AVIONICS Box AND GROUND CONTROL STATION
A. Overall Architecture The overall rotorcraft UAV control system comprises of the aerial vehicle platform, the onboard avionics control system and the ground monitoring station. The UAV helicopter itself is able to operate with the independent control computer system and onboard sensors. The full duplex wireless-LAN equipments are installed in the ground station and the airborne system to exchange data between them including receiving commands from the ground system and reporting the operating status or possible damages to the ground station. The architecture of the RUAV control system is presented in Figure 2 . The flight computer installed in avionics box is a typical industrial embedded computer system, so-called PC-104 which the whole system is kept as compact and light-weight as possible. The PC-104 has the ISA or PCI bus which features a 108.2cm X 115.06cm footprint circuit board. Our flight computer system consists of a main CPU board and some other peripheral boards such as DC-DC power supply board, 8 -channel serial communication device and PWM generation board.
The main CPU board has a Celeron processor at 400MHz with 256MB SDRAM, fully compatible with the real-time operation system such as QNX. Hard drive or other equivalent mass-storage device for booting and running an operation system and storing useful sensor data is needed to the flight computer. The Compact Flash (CF) card by KingStone(g is a 1GB flash RAM device and is suitable for air environment. The Eurotechg PC-104 processor board has only two serial ports, which are not enough for collection data from more than two sensors that communicate with serial port. As a result, a serial port expender is packed with the main CPU board providing RS-232 / 485 communications. In order to control the Futabag model helicopter servos, a PWM generation board is needed. Take price and reliable as consideration, DSP board is chosen to generate 5-channel PWM signal as well as capture the PWM signal encoded by remote controller when the system run at manual mode. Such a design is to ensure that the system can run independently at manual mode, which the close loop of the servo control is not through PC-104 processor except for receiving the commands of servos form serial port. Li-Ion battery serves as a power supplement to the overall onboard system such as flight computer system, sensors, communication units and servos through DC-DC converter. Eurotechg ACS DC-DC converter is mounted to meet the system design requirement of converting a 9-40V DC input voltage to multi-voltage power outputs including +5V, +3.3V and +12V with overload protection. An optional onboard microprocessor monitors the temperature of the module and protects it by turning the module off when temperatures exceed 85 centigrade-degree. The power supplement of the overall avionics system as well as five servos that control the helicopter is powered by a Li-Ion battery pack which has the capacity of 78WH at the output of 19V. C. QNXReal-Time Operation System
To our flight control system, a real-time operation system (RTOS) is required for the onboard computer system. After carefully consideration and comparison, QNX Neutrino RTOS is selected as the operation system, which is ideal for embedded real-time applications. It can be scaled to very small size and provides multitasking, threads, priority-driven preemptive scheduling, and fast context-switching -all essential ingredients of an embedded real-time system. The applied program can be coded and debugged in the remote windows-host computers and can be executed in the airborne computer system independently, which provides great convenience during the flight experiments without modify the program in onboard computer.
D. Sensors
In order to navigate following a desired trajectory while stabilizing the vehicle, the information about helicopter position, velocity, acceleration, attitude, and the angular rates should be known to the guidance and control system. The rotorcraft UAV system is equipped with sensors including inertial sensor unit, GPS, digital compass, rotor speed sensor, air-press altimeter and ultrasonic sensor to obtain above accurate information about the motion of the helicopter in association with environmental information. The Crossbow IMU300, which is shown in Figure 4 , is a six-axis measurement system designed to measure the linear acceleration along three orthogonal axes and rotation rate around three orthogonal axes. It employs on board digital processing to provide application-specific outputs and to compensate for deterministic error sources with in the unit. Solid-state MEMS sensors make the IMU300 product responsive and reliable.
Hemisphere GPS, which is shown in Figure 5 , is a spacebased satellite radio navigation system developed by a Canada company. GPS provides three-dimensional position and time with the deduced estimates of velocity and heading. The GPS provides position estimates at up to 10 Hz. For operation, the GPS and the antenna are installed on the host aerial vehicle. Fig. 5 Hemisphere OEM GPS HMR3000 digital compass, which is presented in Figure  6 , is an electronic compass module that provides heading, pitch and roll output for navigation and guidance systems. This compass provides fast response time up to 20 Hz and high heading accuracy of 0.5 degree with 0.1 degree resolution. In order to get the accurate altitude information of the vehicle, an air-pressure altimeter that collecting data higher than 5 meters as well as an ultrasonic sensor that getting the information on other situations is equipped under the avionics box.
The update rate of all sensors is ranging from 10-10OHz, which is enough for implementation for advanced control algorithms.
E. Communication Devices
To exchange data between the onboard computer system and the ground computers, two Lucent® wireless access point devices, which are shown in Figure 7 , are installed both in the airborne avionic system and ground supporting station. It is designed specifically for outside environment. The devices which are operated in bridge mode works under the 802.11g standard, which provides 54 Mbps throughput in the 2.4GHz unlicensed frequency band. The development computer is used for the onboard software development of QNX Neutrino RTOS as well as the DSP processor. QNX Momentics IDE which is an integrated development environment of the QNX system is installed in the computer as a windows-host to modify the remote flight computer programme. As the same to the QNX system, Code Composer Studio IDE (CCS) is also setup in the development computer to change the programme in the DSP which is the PWM signal generator in avionics box. The 9-channel RC controller which is at 72MHz radio communication signal is used in manual mode in system modelling.
IV. ASSEMBLING OF THE RUAV SYSTEM
Designing the avionics box and packing the box appropriately under the fuselage of the helicopter are two main tasks to implement of the UAV helicopter system.
In the actual flight environment, the weight and the size of the avionics box are strict limited. Our airborne control box, which is shown in Figure 9 , is a compact aluminum alloy package mounted on the landing gear. The center of gravity of the box lies on the IMU device where is not the geometry center of the system that ensure the navigation data form IMU accurate. The digital compass and the IMU which are taken as the horizontal center of the gravity of the avionics system to locate and the other components are installed on the same line. Fig. 9 The avionics control system
The original landing gear of the model helicopter is plastic, which is no enough room to install the designed avionics system in the fuselage of the helicopter. While, we re-design a landing gear with aluminum alloy and make a larger room under the fuselage of the model helicopter for the control box. To avoid the disciplinary vibration about 20Hz caused by characteristic of the helicopter, ENIDINE® aviation wire rope isolators which are mounted between the avionics box and the changed landing gear are chosen. They are comprised of stainless steel stranded cable, threaded through aluminum alloy retaining bars, crimped and mounted for effective vibration isolation.
The assembled Rotary-wing UAV system with the necessary components is shown in Figure l1 , and the whole Helicopter-on-Wheel testbed is presented in Figure 12 . The height control is a one loop scheme which a PI controller using feedback from the height sensor generates collective pitch demands in Figure 15 . Simulation studies have shown that a better strategy for the control of a small-scaled helicopter is to use the flight controller as consisting of two cascaded controllers: an inner loop and an outer loop. The inner loop, that has the faster dynamics, is designed as the attitude controller which takes desired attitude angles as inputs and generates the actuator commands that will result in the desired attitude. The outerloop controller, which controls the slower translational rate variables, takes desired velocity or position as input and generates desired angels to the inner loop. The overall flight control scheme is shown in Figure 13 , while five linear controllers is designed to control the engine speed, height, yaw, lateral and longitudinal motion.
C. Yaw Control
The yaw control two loop structure is presented in Figure  16 . As is shown in this figure, the inner loop is a yaw rate stabilization loop which proportional control using yaw rate feedback from the IMU output demands to the rudder servo and the outer loop uses the scheme from the digital compass output to the yaw rate input. The engine speed during the hover-envelope flights is maintained at 1200 rpm as a result of the experiments in manual mode. To get a steady rotary speed of the engine, a PID controller is used in feedback control which from the speed sensor to the throttle demands. When collective pitch changing, the power of the engine will change as a result of it. A feedforward term form the collective pitch is introduced to compensate for the extra loading experienced. The engine control scheme is shown in Figure 14 .
D. Lateral and Longitudinal Motion Control
Similar to the yaw control scheme, IMU, digital compass and GPS are used as the feedback sensors to maintain the lateral and longitudinal position with simple proportional and PI controllers. The inner loop is pitch / roll rate stabilization component as well as the outer loop serves as the position feedback unit which is shown in Figure 17 . In this paper, we have introduced the system implementation of the rotorcraft UAV and control scheme for model scaled helicopter. A remote-controlled model helicopter is selected as the basic helicopter, which is changed to adapt to the heavy load in future. We also design an avionics control box to accommodate the PC-104 flight computer system, sensors, wireless-LAN communication unit and power supply device. The communication between the airborne flight computer and the ground computer is provided by a pair of full duplex wireless APs, which follows 802.1 Ig protocol. The ground station is used to transmit the control commands to the airborne flight computer and monitor its real-time status. Because of the avoidance of the flight accidents, we design and make a 6-DOF Helicopter-on-Wheel test platform, which enable the experiments on it are familiar with the real flight on air without any damage.
The two loop linear control scheme is introduced in this paper for UAV helicopter system and is a simple but useful control law in unmanned aerial vehicle experiments.
The rotorcraft UAV system has been tested successfully in the manual mode via PC-104 flight computer, and the useful data from onboard sensors, which can be used as the data for system identification in the future work, had been collected and stored in the PC-104 compact flash card. The next step is to identify the helicopter model and apply the advanced control methodologies to the RUAV system.
